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Dark Matter
• Dark Matter:


— Galactic rotation curves

— Galaxy clusters 

— BBN

— CMB

— Structure evolution
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Q: Why GeV-TeV masses?


A: Freezeout suggests the 
weak scale.
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Direct DM detection
• Galactic “Halo” of dark matter


• Velocities: ß ~10-3


• Scattering on nuclei. 


• Rate < ~0.3 events / 100 kg / month
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ρ ∼ 300 mproton liter

� � A2

� = h
mv � Rnucleus

E ~ Mß2~ keV
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Single phase / Dual phase
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Time Projection Chambers (TPC)4π Scintillation
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Why liquid nobles?

• Large mass


• Good detector media: scintillation + charge


• Pure, hence radiopure*
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*except when not: 39Ar, 85Kr
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Backgrounds: natural radioactivity and cosmic rays

8

Slow 
muons

Cosmic Rays

Fast 
muons

Muon 

capture 

Photo 
fission

40K, 238U, 232Th chains, other

Nuclear 
recoils

Electron 
Recoils

238U, 232Th chains

222Rn

222Rn
210Po

85Kr, 39Ar

(α, n)

n 
capture

(α, n)

40K, 60Co, etc fission

(α,n)

gamma
beta
neutron
muon

Ambient backgrounds: 1011 time DM rate



T. Shutt -CPAD, Oct 6, 2015

Powerful self shielding
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DM ER background: 
Single, low-energy 
Compton scatter

PMT

7  Ton LXe

pp solar ν

300 kg LXe

fiducial

Gammas, neutrons

λ ~10 cm


Penetration probability

NOTES ON GRID MECHANICS

T. SHUTT

1. WIMP formulae

(1) P (x) = e

(� x

�

)

Date: May 5, 2015.

1

L

NOTES ON GRID MECHANICS

T. SHUTT

1. WIMP formulae

(1) P (x) = e

(� x

�

)

(2) P

⇠=
L

�

e

(�L

�

)

Date: May 5, 2015.

1

Neutrons, ßß γ bkgnd.

Electron recoil self shielding



T. Shutt -CPAD, Oct 6, 2015

The current picture
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Signal production in liquid nobles
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Signal production in liquid nobles
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Signal production in liquid nobles
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Signal production in liquid nobles
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Single phase Xe: XMASS

• XMASS-1: 835 kg / 642 PMTs

• Simple, good light collection


— 14 pe/keVee

• Rayleigh scattering complicates 

position reconstruction

• Surface Rn-backgrounds crucial

• 40 kg fiducial at 40 keV threshold

15

5 ton, 1 ton FV

XMASS-1
XMASS-1.5

XMASS-1I
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• Long history, and leading DM 
results


• High quality 3D imaging makes 
better use of self shielding


• Electron recoils distinguished by 
their higher amount of charge / 
light.

LXe TPC experiments
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Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

LXe: XENON100 LXe: LUX LAr: DarkSide

LXe 
XENON100 at LNGS, LUX at SURF, PandaX at CJPL


LAr 
DarkSide-50 at LNGS, ArDM at Canfranc


Target masses between ~ 50 kg - 1 ton

Dual-phase noble liquid detectors

22

XENON-100 LUX Panda-X
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Low energy nuclear recoil

17
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DURA Meeting 3/5/2013

2-phase Xe: scintillation and ionization

Nuclear recoils produce much less
ionization per energy deposit.

ER: gammas

NR: neutrons

S1

S2

drift time

Liquid Xenon is homogeneous, is dense, has high A (131) scintillates 
brightly in the VUV range (178 nm), and is transparent at this wavelength.

S1 light is direct scintillation.  S2 light 
counts ionization electrons, is delayed.

 XENON100

7

LUX
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Background discrimination - charge/light

• Extensive calibrations, including in-situ 83Kr and tritium 
(in CH3T)


• Discrimination of electron recoil backgrounds based on 
charge/light (“S2/S1”) very well measured.

18

3-11 

“gamma-X” events is not recognized (by, for instance, the light pattern in the bottom PMT array), the 
result is a suppressed S2/S1 ratio, potentially mimicking a NR. Such events are subdominant in an 
instrument as large as LZ, where gamma-ray interactions are very rare in the fiducial volume. In addition, 
LZ minimizes inactive “skin” volumes by instrumenting the LXe outside of the TPC, effectively turning 
these potentially problematic regions into an additional veto detector. In defining a preliminary fiducial 
volume in Section 3.8.5, used for the sensitivity calculations presented in Chapter 4, we have assumed, 
rather conservatively, that events with one vertex in these regions (e.g., sub-cathode) are not vetoed. In 
reality, most will exhibit S1 light patterns that are strongly peaked in a single bottom-array PMT, which 
makes them atypical when compared with the deepest fiducial interactions and provides therefore a basis 
for their removal. 

3.4.1"""Discrimination"Modeling"with"NEST"

NEST (Noble Element Simulation Technique) provides a model for both the scintillation light and 
ionization charge yields of nuclear and electron recoils as a function of electric field and energy or dE/dx 
[33,30,32]. “NEST” refers both to a collection of microscopic models for energy deposition in noble 
elements and to the Monte Carlo simulation code that implements these models. NEST provides mean 
yields and intrinsic fluctuations due to the physics of excitation, ionization, and recombination, including 
both Gaussian and non-Gaussian components of the energy resolution. To properly model the 
discrimination of nuclear versus electron recoils, the mean S1 and S2 yields must be known, but also their 
variances, which are made up of the intrinsic fluctuations referred to above as well as of instrumental 
fluctuations and data-analysis effects. 
Since discrimination is a function of electric-field strength, recoil energy, and light-collection efficiency, 
all of these must be modeled together to predict the baseline LZ sensitivity. To validate this methodology, 

Figure"3.4.2.""ER"leakage"fraction"past"the"NR"median"line"measured"with"tritium"data"in"LUX."Black"squares"

are"from"event"counting"and"the"red"circles"are"from"integrating"the"tails"of"Gaussian"fits"to"the"ER"

population."The"dashed"line"indicates"the"average"leakage"of"0.002"(99.8%"discrimination)"in"the"S1"range"

2–50"phe."The"general"improvement"of"discrimination"at"low"energies"can"be"clearly"seen,"with"the"

exception"of"the"very"lowest"S1"data"point"where"the"ER"band"starts"to"flare"up"due"to"photoelectron"

statistics."

 

electron recoils (background)

nuclear recoils (signal)

Calibrations Electron Recoil Rejection
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LUX WIMP Search, 85 live-days, 118 kg
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Calibration of Lindhard effect

      

DD n generator

reconstruct double scatter

water-shield 
displacer

results coming soon

• Nuclear recoils lose energy to heat, as first calculated by 
Lindhard


• Theory is approximate, need calibration with neutrons.

• Difficult, especially with compilation of charge + light

20

NR calibration with kinematically- 
constrained neutron scatters
See D. Huang talk Thursday

∙ S2 v absolute energy to 0.7 keV
∙ S1 yield measured to 1.2 keV via 

single scatters
∙ Lowers assumed cutoff (same 

conservative criterion)
∙ Kinematic reach now 3.3 GeV 

WIMP mass

16

Old
cutoff

LUX Measured Ly; reported at 180 V/cm (absolute E scale)
Manzur 2010; 0 V/cm (absolute E scale)

Horn Combined Zeplin III FSR/SSR band; 3.6 kV/cm, rescaled 
to 0 V/cm (E scale from best fit MC)

Plante 2011; 0 V/cm (absolute E scale)
Aprile 2009 (absolute E scale)

----- Sydagis et al. (NEST) predicted yield at 181 V/cm
 

New
cutoff

energy (keV)

Lig
ht 

yie
ld

LUX: in situ using water tank as collimator  
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Single Phase Liquid Argon
• 128 nm light - requires waveshifter 

(TPB)

• Intrinsic background:  39Ar, ~600 keV 

endpoint beta

• Significant pulse shape discrimination

• Ar inexpensive

21

3600 kg instrumented
1000 kg fiducial

500 kg instrumented /150 kg fiducial

MiniCLEAN

DEAP

thick 
plastic n 
moderator
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Pulse Shape Discrimination (PSD) in LAR

22
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PSD demonstrated in DEAP-1

• Needed > ~108  discrimination achieved

• Highly sensitive to light collection / energy threshold
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Figure 2. Pulse-shape discrimination and sensitivity with liquid argon. (Left) Discrimination
of β events versus energy for light yields of 4 and 8 photoelectrons per keVee. The higher light
yield improves discrimination by approximately 5× 104 at the 15 keVee threshold. (Right) 90%
exclusion limit for DEAP-3600 with natural and depleted argon. Also shown for reference is the
current XENON-100 exclusion limit [1].
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Figure 3. Results from the DEAP-1 7-kg liquid argon prototype detector at SNOLAB. (Left)
Neutrons (high-Fprompt band) and γ’s (low-Fprompt band) from an untagged Am-Be source.
The boxes show Fprompt regions with 90% detection efficiency, with DEAP-3600 and DEAP-1
thresholds. (Right) Backgrounds in the DEAP-1 prototype. The low-energy “wall” is from γ
backgrounds that are not removed by PSD; high-energy events are from radon and surface
contamination. In the energy region from 25 to 40 keVee, the backgrounds correspond to
approximately 100 µBq/m2.

reduction of 1.25 keVee. Acosta-Kane et al have demonstrated the possibility of argon with
suppressed 39Ar levels [6], and we are working in collaboration with the Princeton group to
obtain depleted argon for DEAP-3600. 90% CL exclusion sensitivities are shown in Fig. 2,
calculated using the standard assumptions outlined in [7] and with a galactic escape velocity of
544 km/s. The increased sensitivity obtained by reducing the threshold using depleted argon is
also shown in Fig. 2; larger increases can be obtained for very low-threshold analyses.
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Surface backgrounds
• Nuclear recoil of 206Pb 

following Rn-daughter 210Po 
decay.

— Significant background also in 

XMASS


• Very difficult to eliminate Rn 
exposure during assembly


• Interior of surface 
mechanically polished, 
waveshifter applied in inert 
atmosphere

24
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Figure 1: Design of the ArDM detector: Cut view through the main vessel.

In February 2013 a totally rebuilt detector consisting of several improvements was sent and
installed at LSC. It has different sub units which will be described in the following sections.
Each of them was delivered as a pre-assembled part to Canfranc in boxes, sealed against external
influences like dust and light. The final assembly then was done in the clean room of LSC.

?? shows a cut through the detector and its installations. For safety reasons, the actual
machine is standing on a platform, one meter above ground. While on the left of ?? the cryo-
genic services are visible, the actual detector on the right is surrounded by a neutron shield of
polyethylene.

It consists of two arrays with twelve 8” photomultiplier tubes (PMTs) each: one below the
fiducial volume immersed in LAr and one in the vapour phase above the surface of the liquid.
The total drift length is 1100mm and the diameter is 780 mm. In order to have the best possible
light yield, all PMTs have been re-coated with TPB (1,1,4,4,-tetraphenyl-1,3,-butadiene) before
installation. Also all the TetratexR� (TTX) side reflectors, surrounding the drift volume have
been re-done as described in ??. Apart of the PMTs and the side reflectors, also the top and the
bottom reflectors filling the gap between the PMTs, made of PTFE sheets, newly are coated.

2.1.1 The PMT arrays

The two PMT arrays consist of 12 PMTs each and are basically mirrored. The 8” PMTs,
Hamamatsu 5912-02MOD-LRI, coated with TPB by evaporation, are arranged in the most dense
way in a hexagonal pattern. This gives a total of 68 % of active surface on the top and on the
bottom. These arrays have been recently constructed with a completely new design of the
supporting structure in order to minimise the mechanical stress at cryogenic operation. Each
PMT is individually fixed to a massive steel plate. This gives more degrees of freedom for
adjustments to the thermal contractions when cooled to the temperature of LAr. Also it is

2

ArDM

2-Phase Liquid Argon TPCs
• Combine electron recoil discrimination from PSD and 

charge/light

• Accurate 3D imaging

25

DarkSide
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Underground Ar
• Standard 39Ar - 1 kHz / ton, 

t1/2 =  269 yr

— S1:  ~µsec time window. 

— S2+S1: ~msec drift times.

— 39Ar: 269 years.   


• Underground ancient Ar

— Challenge: 39Ar generation in crust 

rock with U, Th, K.


• Ar from CO2 mine in Colorado

— Cocktail of gasses

— Processing on site

— Post-processing at FNAL

26
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DarkSide-50
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39Ar in UAr < 1 mBq/kg
85Kr in UAr ~ 2 mBq/kg

AAr

UAr

• 50 kg fiducial. In Gran Sasso


• Outer scintillator - neutron veto

— Relaxed gamma background requirements, but neutrons still a challenge.


• Key result with underground Ar: 1200x 
suppression of 39Ar

— 300x background 

reduction - some 85Kr


• Measurement of 
charge/light 
discrimination to 
come

27
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Two Phase Xe: next experiments

• 3.3 tons LXe / 2.0 tons active

• Building and commissioning 

well underway

• Start of science expected 2015

• Expand to 7 tons LXe - replace 

inner vessel and TPC

28

XENON1T / nT

7 ton
LXe
TPC

scintillator
detector

HV

water
shield
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reductions in PMT radioactivity achieved recently, so that other components will become more prominent 
in the overall background budget and therefore must meet more stringent radiopurity requirements (such 
as the PTFE used in reflecting surfaces). Secondly, an important enhancement beyond LUX is the 
treatment of the skin layer of LXe located between the active TPC region and the inner cryostat wall, as 
well as the region beneath the bottom PMT array. Once instrumented with PMTs, this skin detector works 
in unison with the surrounding veto system, taking advantage of the high scintillation yield of LXe to 
detect radioactive backgrounds. Lastly, LZ must surpass previous achievements in HV delivery to the 
LXe space to ensure reasonably strong electric fields in the WIMP target; our strategy is that voltages on 
insulating surfaces must be actively managed (graded) to prevent long-term buildup of electrostatic 
charge. In this section, we describe the baseline design of the detector and how these challenges have 
been addressed. 
TPC design 
The WIMP target is configured as a double-phase TPC containing 7 tonnes of active LXe. The design is 
mostly based on the LUX detector, which has demonstrated excellent operational performance at the 
300 kg scale. The LZ TPC will be made from 2-cm-wide PTFE rings with 146 cm inner diameter, stacked 
to the same total height of 146 cm. Hexagonal arrays of 3-inch phototubes (241 units each) are placed in 
the liquid, facing up, and in the gas phase, facing down, to detect the vacuum ultraviolet (VUV) light 
emitted when a particle interacts in the detector. The nominal operating pressure is 1.6 bar(a), 

Figure 1.6.5.1 Schematic views of the Xe detector. The 7‐tonne active region is contained in the TPC field cage 
between the cathode and gate electrodes, viewed by PMT arrays in the vapor and liquid phases. S2 signal 
generation is achieved between the liquid surface and the anode (shown right). The HV connection to the cathode 
(left) uses a dedicated conduit leading outside of the water tank. Below the TPC, the reverse field region degrades 
the cathode potential to low voltage. The lateral skin PMT readout is shown outside of the TPC field cage. 

LUX / ZEPLIN
• 10 tons total, 5.6 tons 

fiducial

• Outer detector system 

• Start of science expected 

end 2018



T. Shutt -CPAD, Oct 6, 2015

Beyond G2

• LAr: DEAP 
single phase


• 50-ton fiducial

29

Future DarkSide detectors

DS-20k 

30 tonne (20 tonne fiducial) detector

ARGO

300 tonne (200 tonne fiducial) detector

?

DS-20k

• LAr: DarkSide 20K - 30 
ton total, 20 ton fiducial


• ARGO: 300 tons

• Both with depleted Ar • Design study for 30-50 tons LXe detector


• Background goal: dominated by neutrinos


• Physics goal: 


• WIMP spectroscopy


• many other channels (pp neutrinos, bb-decay, 
axions/ALPs, bosonic SuperWIMPs…)

160 kg

3.3 tons

LXe: 30-50 tons

2darwin-observatory.org

                - towards WIMP spectroscopy

arXiv:1506.08309
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A Scintillating Xenon Bubble Chamber

Feb 2015, Conceptual design

• All the perks of a 
bubble chamber

— 10-10 ER 

insensitivity

— Easy 3D recon 

(no E-field req’d)

• With scintillation light 

for energy scale

— Eliminate alpha-

decay 
backgrounds
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Exploring the neutrino floor

• LXe - 50 tons, 300 t-yr 
(DARWIN)

— 3 CNNS events

— Limited sensitivity improvements 

after that

• LAr:  ARGO - 300 tons, 

similar reach
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Figure 3. (left) Differential CNNS spectrum for different energy scales, based on S1-only or S1+S2.
The largest improvement in energy resolution can be achieved by using light and charge signal; the
impact of a light yield increase by 50% is only mild. The spectrum with infinite resolution (dashed)
is taken from [57]. The steep rise below 4.0 keVnr is from solar 8B neutrinos. We assume that no
light is produced for E

nr

< 1 keVnr, leading to the large number of entries in the lowest bin of the
reconstructed spectra. Using the S1+S2 scale with 8PE/keVee, we also show the expected recoil spec-
tra for WIMPs of 10GeV/c2 and 40GeV/c2 with cross sections of 2⇥ 10�46 cm2 and 2⇥ 10�48 cm2,
respectively. (right) WIMP exclusion limits at 90% CL ignoring all backgrounds besides the one
from CNNS for exposures of 100 t⇥ y, 200 t⇥ y, 500 t⇥ y and 1200 t⇥ y. For the likelihood analysis
we use a S1+S2 combined energy scale with a light yield of 8 PE/keVee at 122 keVee, a 5-35 keVnr
energy interval and assume an unrealistic NR acceptance of 100%. (The ER rejection will lower this
value.) The result for 200 t⇥ y is shown with its 1� and 2� intervals together with the published
limits from XENON100 [9] and LUX [61]. For comparison the “WIMP discovery limit” (red dashed)
and the “1 event line” (red dotted) of [55] are shown as well.

(DSNB) [57]. The background from CNNS strongly depends on the threshold, see Figure 3
(left), which renders the energy scale (resolution) used for the analysis crucial. At higher NR
energies, the rate is fairly flat around 1-2 ⇥10

�3 events/(t·y·keVnr).
We note that the “WIMP discovery limit”, as introduced in Ref. [55] for every WIMP

mass, corresponds to the cross section at which a WIMP can be detected at 3� given a
background of 500 CNNS events above a LXe threshold of 4 keVnr (no energy resolution
applied). A utopic LXe exposure of 5300 t⇥ y is required to reach this number of background
events in a 4-35 keVnr interval, even assuming 100% NR acceptance. Being somewhat more
realistic, we calculate the average 90% CL exclusion limit for exposures from 100 t⇥ y to
1200 t⇥ y, considering only the CNNS background assuming 100% NR acceptance. We use
the combined energy scale of Section 3 with a light yield of 8.0PE/keVee and an energy range
of 5-35 keVnr. The result is shown in Figure 3 (right) and compared to the “WIMP discovery
limit” and the “1 event line” of [55].

6 Electronic Recoil Rejection

In order to reach sensitivities which are limited by the “ultimate” NR background from CNNS,
the ER backgrounds from intrinsic radioactive impurities, two-neutrino double-beta decay and
especially solar neutrinos interacting with atomic electrons have to be reduced significantly.
The lifetimes of the xenon singlet and triplet excimer states, which produce the scintillation
light, are not very different, rendering pulse-shape discrimination inefficient [59]. Therefore,
LXe-based dual-phase TPCs rely on signal-background discrimination based on the different

– 10 –

DARWIN - 1506.08309


3-1 

3"""Design"Drivers"for"WIMP"Identification"

Having established the motivation to perform direct searches for WIMP dark matter, we introduced in the 
previous section the proposed configuration of LZ. Searching for events that are rare (≲0.1 per day per 
tonne of target mass) and that involve very small energy transfers (≲100 keV) is extremely challenging. 
This section focuses on the more salient features of the experiment and the detection medium, and how 
these will contribute to the identification of a galactic WIMP signal with low systematic uncertainty. The 
detailed design and its technical implementation are described in later sections; here, we address the key 
requirements that drive the conceptual design and how we propose to address remaining technical 
challenges. 

3.1"""Overview"of"the"Experimental"Strategy"

Xenon has long been recognized as a very attractive WIMP target material [1-3]. Its high atomic mass 
provides a good kinematic match to intermediate WIMP masses of O(100 GeV/c2) and the largest spin-
independent scattering cross section among the available detector technologies, as illustrated in 
Figure 3.1.1. Sensitivity to lighter WIMPs, with masses of O(10 GeV/c2), can be also be achieved, given 
the excellent low-energy scintillation and ionization yields in the liquid phase [4]. Xenon contains neither 
long-lived radioactive isotopes with troublesome decays nor activation products that remain significant 
after the first few months of underground deployment. It is also sensitive to spin-dependent interactions 
via the odd-neutron isotopes 129Xe and 131Xe, which account for approximately half of the natural isotopic 
abundance. If a WIMP discovery were made, the properties of the new particle could be studied by 
altering the isotopic composition of the target. This broad WIMP sensitivity confers maximum discovery 
potential to LZ. 
The liquid phase is preferred over the gas phase due to its high density (3 g/cm3) and high scintillation 
yield, and because its charge quenching of NRs provides a powerful particle ID mechanism. Early 
experiments such as ZEPLIN-I [5] exploited simple pulse shape discrimination (PSD) of the scintillation 

""" "

Figure"3.1.1.""Integrated"rate"above"threshold"per"tonneDyear"of"exposure"for"WIMP"elastic"scattering"on"Xe,"Ge,"

and"Ar"targets"for"50"GeV/c
2
"and"1"TeV/c

2
"WIMP"masses"and"10

O47
"cm

2
"interaction"cross"section"per"nucleon."The"

green"marker"indicates"the"4.3"keV"WIMPOsearch"threshold"in"LUX"with"nominal"ER/NR"discrimination"[4]."

CDMS"II"searched"above"10"keV"in"their"Ge"target;"selected"SuperCDMS"detectors"allowed"a"1.6OkeV"threshold"

with"lower"discrimination"[6]."In"LAr,"the"WARP"(WIMP"Argon"Programme)"2.3Oliter"chamber"achieved"55"keV"

[7],"and"the"DarkSideO50"experiment"has"recently"conducted"a"WIMP"search"above"38"keV"[8]."
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WIMP sensitivity: Xe, Ge, Ar
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Projected sensitivity
• df

32

Physics reach: WIMP space

DARWIN can probe the experimentally available parameter space for WIMPs (m > 10 GeV/c2)

Patrick Decowski - Nikhef/UvA
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Challenges - S2/S1 discrmination
• Xe  


— LZ projection:

• 324 raw ER events:  pp solar ν (271) + 136Xe  2ν ßß decay (54)

• 1.6 after assumed 99.5% discrimination (50% acceptance)


— Want > 99.9% for 30-50 ton experiment

— ER discrimination: no consensus


• ZEPLIN III (4 kV/cm drift field): 99.99%

• Claims above 99.9% at lower drift field (K. Ni, at Astroparticle 2014)


— Improves with light collection

— Appears to improve with higher drift field


• Ar

— Need study at low energy

— DarkSide results should inform us
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“gamma-X” events is not recognized (by, for instance, the light pattern in the bottom PMT array), the 
result is a suppressed S2/S1 ratio, potentially mimicking a NR. Such events are subdominant in an 
instrument as large as LZ, where gamma-ray interactions are very rare in the fiducial volume. In addition, 
LZ minimizes inactive “skin” volumes by instrumenting the LXe outside of the TPC, effectively turning 
these potentially problematic regions into an additional veto detector. In defining a preliminary fiducial 
volume in Section 3.8.5, used for the sensitivity calculations presented in Chapter 4, we have assumed, 
rather conservatively, that events with one vertex in these regions (e.g., sub-cathode) are not vetoed. In 
reality, most will exhibit S1 light patterns that are strongly peaked in a single bottom-array PMT, which 
makes them atypical when compared with the deepest fiducial interactions and provides therefore a basis 
for their removal. 

3.4.1"""Discrimination"Modeling"with"NEST"

NEST (Noble Element Simulation Technique) provides a model for both the scintillation light and 
ionization charge yields of nuclear and electron recoils as a function of electric field and energy or dE/dx 
[33,30,32]. “NEST” refers both to a collection of microscopic models for energy deposition in noble 
elements and to the Monte Carlo simulation code that implements these models. NEST provides mean 
yields and intrinsic fluctuations due to the physics of excitation, ionization, and recombination, including 
both Gaussian and non-Gaussian components of the energy resolution. To properly model the 
discrimination of nuclear versus electron recoils, the mean S1 and S2 yields must be known, but also their 
variances, which are made up of the intrinsic fluctuations referred to above as well as of instrumental 
fluctuations and data-analysis effects. 
Since discrimination is a function of electric-field strength, recoil energy, and light-collection efficiency, 
all of these must be modeled together to predict the baseline LZ sensitivity. To validate this methodology, 

Figure"3.4.2.""ER"leakage"fraction"past"the"NR"median"line"measured"with"tritium"data"in"LUX."Black"squares"

are"from"event"counting"and"the"red"circles"are"from"integrating"the"tails"of"Gaussian"fits"to"the"ER"

population."The"dashed"line"indicates"the"average"leakage"of"0.002"(99.8%"discrimination)"in"the"S1"range"

2–50"phe."The"general"improvement"of"discrimination"at"low"energies"can"be"clearly"seen,"with"the"

exception"of"the"very"lowest"S1"data"point"where"the"ER"band"starts"to"flare"up"due"to"photoelectron"

statistics."
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Challenges - High Voltage
• LAr TPCs for beam neutrinos routinely achieve > 100 kV 

in LAr

• Dark Matter community has not fared as well


— Detector limited to near ~10 kV so far

— Studies in LXe have not seen fundamental limits.


• On ~cm2 surfaces and small grids:  stable 400 kV/cm 

• Charge multiplication > ~725 kV/cm, light generation > 410 kV/cm (Aprile: 

1408.6206)

— 100 kV achieved in test system for XENON1T


• Needs careful development work

34
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LZ System test facility at SLAC
• Primary goal is test of high voltage systems in LZ

• IR2 - site of the TPC experiment, BABAR

• High voltage feedthrough - Yale/UCB - 200 kV
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Challenges - Light Collection
• SiPM - higher light collection, especially for LAr


— Single photon counting with high QE; dark current 
at 80K looks manageable for m2 arrays


— PSD exponentially sensitive to light collection

— Much less radioactive than PMTs

— For LXe, need waveshifter - purity concern


• LAr - optimizing all aspects of waveshifter

— Reflectivity / transparency for shifted light


• Reflective materials

— LXe: PTFE is unreasonably reflective.  Why?  Is it 97%?  99%?


• Difference matters

• Are different PTFEs different?


— More options with waveshifted light - Vikuiti film - 99.%

— Grid wires.  Direct tradeoff between transparency and electric field


• Lower background PMTs.   

— Current tubes very good, but some glass/ceramic remains
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Figure 16: Example of the latest generation TSV-packaged SiPM sensor from the company SensL,
showing the almost borderless top surface (left) and backside with ball bumps (right). The sensor is
composed by the actual SiPM (70 µm) and a glass substrate of 320 µm thickness.

the TSV type sensors. This new generation also features dark-count and after-pulsing rates
reduced by a factor of 20 towards the older models. Improvements have also been made to
both the standard (anode-cathode) rise time and the cell recovery time. J-Series sensors are
available in a 6 ⇥ 6 mm2 active area size and are compatible with an industry standard, lead-
free, reflow soldering processes. This, together with the small amount, and the cleanliness of the
used materials (silicon and glass [13]) opens the way for the production of ultra low background
photon detectors.

Towards a design for a SiPM based readout in ArDM

The upgrade of the light readout is planned to be done in two main steps. In a first step we plan
to replace some of the lower central PMTs with a number of SiPM arrays during the shutdown
scheduled for the insertion of the TPC field cage. Existing readout lines and FADC channels
will be used. The most important parameters such as light yield, dark count rates and signal

Figure 17: Array of SiPMs, older types have
large dead space (⇠ 2mm) in between the sen-
sors.

Figure 18: First proposal of a possible arrange-
ment of 37 tiles equipped with each 49 SiPMs
read out by a x-y matrix.

bandwidth will be verified. In parallel to these measurements and experimental tests we are
developing a detailed simulation package for the entire SiPM readout system, separately done
in Spice for the electronic circuits, as well as in Geant4 for the light collection. With results
from the test modules we plan to converge on the final design for a readout plane. A possible
first layout of 37 tiles with each 49 SiPMs is shown in Fig. 18 on the example of 12 readout
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Isotopic Separation
• Ar - remove 39Ar


— DarkSide considering cryogenic distillation


• Xe

— Separating 136Xe removes background for full solar 

neutrino spectrum

— Enriched 136Xe allows ßß decay

— Low / high mass split gives spin / non-spin (odd n) 

targets
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Conclusions
• Liquid noble detector using Xe and Ar have opened and 

era of unprecedented dark matter sensitivity above ~10 
GeV


• Absent directional detectors, our best hope is to just 
look under the rug on the neutrino floor


• R&D is needed to determine the optimal technology to 
achieve this
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